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Abstract. The limiting efficiency of a solar cell enhanced by both up- and downconversion is
calculated to be 44.6% under one sun illumination using a detailed balance formalism. We
show that solar cells are enhanced by both spectral conversion and photon recycling. This
device architecture has the advantage of being able to enhance existing technologies after rel-
atively few modifications. Importantly, we show that this device architecture’s limiting effi-
ciency peaks close to the band gap of silicon, unlike other spectral converters with three
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1 Introduction
As silicon and other conventional photovoltaic technologies become commonplace in many
energy markets, there is an effort to innovate past this first generation of devices.1,2 With
the exception of hot carrier devices, high efficiency concepts exploit multiple absorbing
thresholds to more effectively harvest the solar spectrum. These multiple threshold approaches
can broadly be drawn into three categories: tandem solar cells,3,4 devices where multiple
thresholds are incorporated within a single absorbing layer,5,6 spectral splitting to multiple
cells,7 and conventional cells augmented by all-optical spectral conversion devices.8–10 The
former three approaches require the development of completely new technologies whereas
the latter can, in principle, be applied to existing commercially viable technologies. These
all-optical approaches, using down- and/or upconversion, are attractive given the highly engi-
neered nature of commercial solar cell technologies that have been optimized over many
decades.
Downconversion, or photon fission, is the absorption of a single high-energy photon
followed by the radiation of multiple low-energy photons. Upconversion, or photon fusion,
is the reverse process whereby multiple low-energy photons are absorbed followed by the
emission of a single high-energy photon. Both spectral conversion techniques have been
approached using organic materials, quantum dots, and/or rare-earth materials.
Previous limiting efficiency calculations have been focused on augmenting a solar cell (SC)
with either an upconverter (UC) or a downconverter (DC).8–11 In this article, we present
a detailed balance calculation of the limiting efficiencies of an ideal solar cell under
AM1.5G illumination enhanced by both an UC and a DC (DC/SC/UC), as shown in Fig. 1(a).
The work is compared with previous calculations for UC and DC systems and the current state of
technology is briefly reviewed in light of the present results.
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2 Method
2.1 Idealized Device
We approach this problem in a similar manner to previous calculations.8–10 In the following,
there are three absorbing thresholds of interest: Er, Eg, and Eb (denoting “red,” “green,” and
“blue”). We model an idealized device, where the solar cell absorbs all radiation with energy
greater than its band gap, Eg. The DC has two absorbing ranges, Eg < E < Eb and E > Eb.
Photons with energy in excess of Eb may be downconverted into two photons, which are emitted
at Eg. Similarly, the UC has two absorbing ranges, Er < E < Eg and E > Eg. Two photons may
be absorbed at the Er threshold and upconverted into a single photon with energy Eg. All absorp-
tion events are assumed to have unit absorptivity and the solar cell has infinite carrier mobility.
2.2 Detailed Balance Model
The rates of absorption and the Einstein A coefficients governing spontaneous emission are,
respectively, given by
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where F denotes the solar spectrum in photons∕m2∕s∕J and T ¼ 300 K is the temperature of the
cell. The speed of light, the reduced Planck constant, and Boltzmann constant are denoted in
standard notation. Equation (2) is a simplification of the generalized Planck Law and is valid if
Ei ≫ kBT.12 The étendue of emission is given by ϵ ¼ πn2r sinðθÞ, where nr is the refractive index
of the medium, where light is being emitted into and θ is the half angle over which emission is
occurring. In Eq. (2), ϵext ¼ π has been used to simulate emission into air over a hemisphere.8
We use an equivalent circuit model,8,9 where spectral converters are modeled as light-emit-
ting diodes (LEDs) that are powered by solar cells, as shown in Fig. 1(b). The DC is modeled as a
photovoltaic cell with band gap Eb, which powers two LEDs of band gap Eg and half the device
area. (This is equivalent to modeling a circuit with a band gap, Eb, connected to a DC-down-
converter and a single LED with band gap Eg).
13 Conversely, the UC is modeled as two cells
of band gap Er connected in series powering an LED of twice the area with bandgap Eg. The
idealized device stack has the same refractive index throughout to eliminate reflections at interfaces.
(b)(a)
Fig. 1 (a) Architecture of a solar cell augmented by both an upconverter and a downconverter.
(b) Equivalent circuit of the DC/SC/UC device.
Tayebjee, Rao, and Schmidt: All-optical augmentation of solar cells using a combination. . .
Journal of Photonics for Energy 022007-2 Apr–Jun 2018 • Vol. 8(2)
Downloaded From: https://www.spiedigitallibrary.org/journals/Journal-of-Photonics-for-Energy on 5/3/2018 Terms of Use: https://www.spiedigitallibrary.org/terms-of-use
The current passing through the spectral converters is
EQ-TARGET;temp:intralink-;e003;116;723
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and
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where xi is expð EikBTÞ; xsc;dc;uc are related to the voltages of the solar cell, downconverter, and
upconverter by expðVsc;dc;uckBT Þ. The elementary charge is denoted as e. The refractive index
term is required to account for the enhanced étendue of emission within the device,
ϵint ¼ n2rπ, where nr was taken to be 3.6, in line with previous work.8,9,14,15 The current passing
through the solar cell is
EQ-TARGET;temp:intralink-;e005;116;476
Isc
e
¼ Φdc þΦuc − 2k 0gn2r
xsc
xg
; (5)
where the factor of 2 in the final term is required because the SC is bifacial. We define the photon
flux passing from the spectral converters to the SC as
EQ-TARGET;temp:intralink-;e006;116;407Φdc ¼ n2rk 0g
xdc
xg
þ n2rk 0b
x2dc
xb
; (6)
EQ-TARGET;temp:intralink-;e007;116;366Φuc ¼ n2rk 0g
xuc
xg
: (7)
Finally, the efficiency of the device is taken as the maximum power, P ¼ IscV, divided by the
total integrated solar spectrum.
3 Results
Figure 2(a) shows the maximum efficiency of the DC/SC/UC device as a function of Eg. The
limiting efficiency exceeds the Shockley–Queisser limit significantly for all band gaps. The
maximum efficiency of 44.6% was found at thresholds of 0.92, 1.38, and 2.61 eV. It is interesting
to note that the ideal band gap of the DC is less than twice the SC band gap indicating
endothermic downconversion, as has been previously observed in singlet fission materials.
For comparison, previously calculated DC- and UC-augmented limiting efficiencies are also
included.14
Unsurprisingly, the DC/SC and SC/UC devices are outperformed by the DC/SC/UC at inter-
mediate band gaps. The DC/SC outperforms the DC/SC/UC at very low band gaps because the
emission from the SC is unifacial in the former and bifacial in the latter. The SC/UC outper-
formed the DC/SC/UC at wide band gaps since the SC in the latter architecture is only illumi-
nated by the DC emission rather than direct solar illumination. The maximum efficiency of the
UC/SC is 43.4% at Eg ¼ 1.76, which is only slightly outperformed by the DC/SC/UC. However,
the range of band gaps that the DC/SC/UC is >40% is much broader than the SC/UC.
As the DC/SC/UC has three absorbing thresholds, it is also interesting to compare these
results to a solar cell augmented by an asymmetric UC (SC/a-UC). This is an UC with two
low-energy absorbing thresholds and a single high-energy emitting threshold, such as an
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intermediate band device. The SC/a-UC has a limiting efficiency of 48.2%, which significantly
exceeds the DC/SC/UC. Further the SC/a-UC is highly efficient over a broad range of band gaps.
However, there exist no experimental efforts that have been able to achieve this efficiently under
solar illumination. Moreover, the maximum efficiency of the DC/SC/UC exceeds that of the SC/
a-UC at the silicon band gap, 1.11 eV, which is important from a practical standpoint. This will
be further discussed in Sec. 4.
Figure 2(b) shows the short circuit current of the idealized SC and the photon fluxes of
the spectral energy converters, Φdc and Φuc, as a function of Eg. The DC(UC) produces a larger
flux at smaller(larger) band gaps. Note that the flux from the DC includes both down-
converted and direct photoluminescence from Eg, so nonzero fluxes are still produced at
large band gaps.
The current–voltage characteristics of the individual components of the DC/SC/UC are plot-
ted in solid lines in Fig. 3(a) with powers plotted in dashed lines. Considering Eqs. (6) and (7),
we note that the spectral converters produce a greater flux at higher voltages.
The spectral converter voltage is shown in Fig. 3(b) as a function of SC operating voltage.
Solving quadratic Eqs. (3) and (4) yields
DC/SC/UC
DC/SC
Shockley–Queisser
SC/UC
SC/a-UC
e dc
e
uc
Solar cell
short-circuit current
0.5 1.0 1.5 2.0 2.5 3.0
0
20
40
60
80
100
120
140
Cu
rre
nt
 d
en
sit
y 
(m
A/
cm
2 )
Band gap (eV)
0.5 1.0 1.5 2.0 2.5 3.0
15
20
25
30
35
40
45
50
Ef
fic
ie
nc
y 
(%
)
Band gap (eV)
(a)
(b)
Fig. 2 (a) Limiting efficiencies for the DC/SC/UC as a function of band gap. The limiting efficiency
of DC/SC, SC/UC, SC/a-UC, and the Shockley–Queisser limit are shown for comparison. (b) The
short-circuit current density generated by the SC and the photon flux generated by the spectral
energy converters, eΦ.
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As the voltages of the spectral converters depend on the emission from the SC, it follows
from Eqs. (8) and (9) that there are three regimes that arise from the solutions of quadratic equa-
tions of xdc and x0.5uc , respectively. At low values of xsc, xdc, and xuc do not change as the constants
in Eqs. (8) and (9) dominate. At intermediate values of xsc, we are in a regime where
dVdc
dVsc
¼ 1 and
dVuc
dVsc
¼ 2. Finally, at higher voltages, exceeding the open-circuit voltage of the solar cell (i.e.,
where the solar cell is operating as an LED pumping the spectral converters) we reach the regime
where dVdcdVsc ¼ 0.5 and
dVuc
dVsc
¼ 1 as the DC and UC voltages become governed by the terms x2dcxb and
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Fig. 3 (a) The currents of the components of the equivalent circuits in Eqs. (3)–(5) and Fig. 1(b) for
the ideal device. Power densities are shown as dashed lines. (b) The voltages of the DC and UC
as a function of the SC voltage.
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xuc
xg
in Eqs. (3) and (4). To further elucidate these changes in gradient, we also include the voltages
of non-ideal devices as dashed lines in Fig. 3(b). Here, Er is decreased to 0.75 eV, the extent of
the dVucdVsc ¼ 2 regime is enhanced since xsc is diminished versus the other terms in the discriminant.
Similarly, when Eb is increased to 2.8 eV the
dVdc
dVsc
¼ 1 regime exists over a larger extent of
Fig. 3(b).
4 Discussion
The limiting efficiencies calculated in this work are lower than electrically contacted multiple
threshold approaches. This is due to the extra radiative step which effectively limits the rate of
conversion of solar photons into electrical current. However, the attraction of all-optical
approaches lies in the fact that contact engineering is not required and, with the exception
of parallel tandems,16 spectral converters are far less sensitive to changes in the solar spectrum.
The ultimate goal of fabricating spectral converters is to enhance current photovoltaic tech-
nologies. In Fig. 4, we establish the dependence of the current density and maximum power for
an idealized solar cell with the same band gap as silicon (Eg ¼ 1.11 eV) as a function of energy
thresholds Er and Eb. Figure 4(a) shows the flux of the spectral converters when the SC is oper-
ating under short-circuit conditions. Unsurprisingly, the flux of the DC and UC only varies with
Eb and Er, respectively, and the current in the solar cell under short-circuit conditions is
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Fig. 4 Current density, power density, and photon flux from spectral converters for a solar cell with
Eg ¼ 1.11 eV operating under (a) short circuit and (b) maximum power conditions. The photon
fluxes from the spectral converters, eΦ, are given in units of mA∕cm2.
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Isc
e ¼ Φdc þΦuc. Although the contribution of the UC is small compared with that of the DC, it is
clear from Fig. 2(a) that the overall enhancement of the device is significant.
Figure 4(b) shows the same data but for a device operating at its maximum power point. Here,
the contribution from the UC is more significant. This can be understood by considering
Eqs. (3)–(7). As the SC voltage is increased, the chemical potential in the spectral converters
is also increased [see Fig. 3(b)] and this results in a greater flux from the spectral converters [see
Eqs. (6) and (7)]. Further, the variation of the voltage of the solar cell as a function of both Er and
Eb results in a variation in the flux generated by both of the spectral converters with both Er and
Eb. In other words, the chemical potential of the UC and DC is inextricably linked.
There is a large plateau of high currents (>42 mA∕cm2) in the approximate region
0.7 < Er < 0.95 eV and 2.0 < Eb < 2.2 eV. In this regime, Φuc arises from exothermic photon
fusion and re-emitted photons that are absorbed from the solar cell; and Φdc arises from endo-
thermic photon fission and also from recycling photons emitted from the solar cell. Photon recy-
cling is effective since the DC and UC absorb light emitted from the SC. We have simulated a
refractive index matched DC/SC/UC stack with nr ¼ 3.6. This results in n2r∕ð1þ n2rÞ ∼ 93% of
emission from the DC being directed back into the device.
From a technological standpoint, the UC requires a low-energy absorber that can undergo
fusion and the DC requires a high-energy absorber that can undergo fission. Both spectral con-
verters required an emitter at Eg, which opens the possibility of using the same emitter in both the
UC and the DC.
Presently, the only available materials capable of upconverting from below the bandgap of
crystalline silicon are the rare-Earth doped inorganic compounds. Owing to the similarity in ion-
size and chemistry within the lanthanoids, erbium is easily doped into the structure of optically
benign yttrium salts, and a ∼20% to 30% doping level has emerged as optimal.17 The accepted
figure of merit for an upconverting solar cell is the enhancement of short-circuit current density
due to upconversion, corrected for any solar concentration, ΔJUC.18,19 The highest ΔJUC so far
reported for crystalline silicon cells is 8.9 × 10−3 mA∕cm2,20 representing a 0.55% relative
increase in solar cell efficiency.
At present, a downconversion system with efficiency above 100% has not been demon-
strated. Singlet fission materials such as tetracene (and tetracene derivatives) have the right ener-
getics for such a device, absorbing photons above 2.2 eV and producing two triplets at 1.3 eV.
These triplets can then be efficiently transferred into inorganic quantum dots such as PbS,21,22
where the exciton can undergo radiative recombination and emit low-energy photons. The chal-
lenge is to maintain high photoluminescence quantum efficiency in the inorganic quantum dot
while allowing for efficient harvesting of the triplets. Full details of the materials requirements
and challenges can be found in a recent review.23
It should be noted that, while an all-optical approach avoids the need for further electrical
contacts, the refractive index of the components of the device should be matched. If the refracting
indices of the SC, DC, and UC do not match, we expect reflections at these interfaces, which will
generate losses in the device. Practically speaking, this may be overcome by adding antireflective
coatings. Moreover, a departure from the refractive index value used here (3.6) will alter the
results; a downconverter directs n
2
r
n2rþ1 of its radiation toward the solar cell. If nr is decreased,
radiative losses out of the front of the DC will increase.
5 Conclusions
The economics of single threshold solar cell technology has improved over the last few decades
to the point where it is now competitive with fossil fuel electricity generation. The incorporation
of spectral converters could be used to achieve a step-advance in the cost per watt of these devi-
ces. We have shown here that, when used in tandem, up- and down-converters significantly
enhance the efficiency of solar cells. Considering silicon, the current market leader, the DC/
SC/UC raises the efficiency limit from 33% for an unaugmented device to 44% with band
gaps Er ¼ 0.76 and Eb ¼ 2.08 eV. Interestingly, this increase is not only due to photon
fission or fusion, but also because spectral converters recycle photons that are emitted by
solar cells.
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